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A new more accurate data processing procedure for calibration of kinetic energies of secondary ions measured in
magnetic sector secondary ion mass spectrometers has been developed. The procedure was applied to reprocessing of
raw data from previously published measurements of kinetic energy spectra of secondary atomic and cluster ions
sputtered from Ta by 6 keV/atom Au, Au2 and Au

3 projectiles. Absolute energies of the sputtered Ta
þ
n ions were
determined more accurately, which permitted a fairer comparison of energy spectra for the same secondary ions
measured under bombardment with diﬀerent primary ions. Most probable and mean energies were determined for the
sputtered ions, and their energy spectra were converted into distributions over inverse velocities. The reprocessed
experimental results revealed strong diﬀerences between results for atomic and diatomic ions and those for larger cluster
ions (consisting of more than seven atoms). In particular, the comparison of atomic and polyatomic bombardment
showed that there are strong diﬀerences between atomic and diatomic sputtered species, while there were almost no
changes between larger sputtered clusters. Results are discussed in terms of observed enhancements under polyatomic
ion bombardment for the total sputtering eﬃciency and the ionization of sputtered species.
 2004 Elsevier B.V. All rights reserved.
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During the last decade, analytical applications
of sputtering with polyatomic ions generated
increasing interest in the ion-beam community,
especially that part, which is engaged in secondary* Corresponding author. Tel.: +1-630-252-4657; fax: +1-630-
252-9555.
E-mail address: verigo@anl.gov (I.V. Veryovkin).
0168-583X/$ - see front matter  2004 Elsevier B.V. All rights reser
doi:10.1016/j.nimb.2004.01.056ion mass spectrometry (SIMS) [1]. On the other
hand, despite the fact that this ion bombardment
regime has been long known to enhance yields
of secondary ions [2], the mechanism of the
enhancement remains poorly understood. It is
presently unclear what actually increases under
polyatomic ion bombardment: the total sputtering
yield or the ionization probability of sputtered
neutrals [3]. Moreover, for sputtered atomic and
cluster ions, the emission enhancement observed in
experiments might be due to diﬀerent reasons, suchved.
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and enhancement of sputtering for clusters.
In the present work, we will demonstrate that
additional information on this process can be ex-
tracted from experimentally measured kinetic en-
ergy distributions of secondary atomic and cluster
ions sputtered by atomic and polyatomic projec-
tiles. We have recently developed a new data
processing procedure for the calibration of kinetic
energies of secondary ions measured in magnetic
sector secondary ion mass spectrometers [4]. This
procedure permits a better determination of the
absolute energies and thus allows a more accurate
comparison of the energy distributions of the same
secondary ions measured under ion bombardment
by diﬀerent projectiles. We applied this new pro-
cedure to previously published data [5] by con-
ducting a new processing of raw data. As a part of
this re-examination, a conversion of the experi-
mental kinetic energy distributions of secondary
ions into distributions of velocities and inverse
velocities was performed. Results of this eﬀort re-
vealed interesting trends as discussed below.Fig. 1. How the energy calibration procedure works: experi-
mental kinetic energy distributions of atomic ions Taþ sput-
tered by diﬀerent 6 keV/atom Aum (m ¼ 1, 2, 3) projectiles are
compared and aligned with the theoretical kinetic energy dis-
tribution computed for the same experimental energy resolu-
tion. The energy resolution, response function is determined by
measuring kinetic energy spectra of thermal ions of alkali
metals without ion bombardment.2. Experimental measurement and energy calibra-
tion procedures
Kinetic energy distributions of sputtered ions
[5] have been measured using a magnetic sector
SIMS instrument equipped with a cluster ion
source [6], which generated 6 keV/atom poly-
atomic ions Aum (m ¼ 1, 2, 3). To keep the Ta
sample surface clean of oxide ﬁlms, sample tem-
peratures of 2000 C were maintained during the
measurements. This was achieved by choosing the
sample geometry as 3 mm wide ribbon made of
Ta foil whose two ends were connected to termi-
nals of a ﬂoating power supply so that electric
current through the ribbon could heat the sample.
Secondary ions of a speciﬁc mass were selected by
aligning the magnetic ﬁeld to the maximum
intensity of the ion signal while operating the
instrument with a nominal accelerating voltage of
2000 V. To measure kinetic energy spectra, the
accelerating voltage was altered by varying the
target potential within the range of ±300 V with
1 V increments. The energy resolution of theexperimental apparatus and its response function,
were determined by the measurement of the kinetic
energy spectra of thermal ions of alkali metals,
Naþ and Kþ, formed on the hot sample surface in
the absence of ion bombardment. The described
experimental procedure matches the capabilities of
the ion optics of the instrument, and, therefore, it
is widely used for energy spectra measurements in
magnetic sector mass spectrometers. Unfortu-
nately, the procedure does not directly determine
absolute values for secondary ion energies since
the energy spectra maximums always correspond
to the nominal accelerating voltage. To compare
energy spectra measured under bombardment by
diﬀerent projectiles, a special calibration proce-
dure was developed. This procedure, summarized
in Fig. 1, is based on taking into account the fact
that actual energy distributions are always dis-
torted and smeared by the measurement process,
which is characterized by the energy resolution
function of the instrument with a ﬁnite width. The
measured data are always related to the actual
distribution through an integral of convolution.
One straightforward but rather complicated, way
of dealing with this would be processing the data
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did not choose this approach because the most
probable and mean values that can be extracted
from properly calibrated ‘‘smeared’’ experimental
data are not necessarily less meaningful or accu-
rate than those obtained from deconvolved data.
Moreover, artifacts are easily introduced by
deconvolution procedures due to noise, which is
always present in experimental data. Therefore
eﬀorts were aimed at the development of an energy
calibration procedure, which would perform con-
volution of analytical functions and compare them
with the experimental data as described below.
First, a ﬁtting function for the kinetic energy
spectra of thermal ions was found. This was an
asymmetric double sigmoidal function UðEÞ,
UðEÞ ¼ A
1þ exp  Eþ0:5w1w2
h i
 1
2
4  1
1þ exp  E0:5w1w3
h i
3
5; ð1Þ
where A, w1, w2 and w3 are ﬁtting parameters.
Second, an assumption was made that kinetic
energy distributions of neutral atoms sputtered by
atomic ions are described by the Sigmund–
Thompson formula [7,8],
F ðEÞ ¼ dN
dE
/ EðE þ UsÞ3
: ð2Þ
The validity of this assumption for sputtering of
pure metals has been proven experimentally many
times during the three decades since the formula
was introduced [9]. Thus, the kinetic energy dis-
tribution of neutral Ta atoms was calculated using
the tabulated value of sublimation energy (taken
as the ﬁrst approximation of the surface binding
energy) of Us ¼ 8:1 eV.
Third, the integral of convolution of the theo-
retical energy distribution of sputtered neutral
atoms with the response function of the instrument
was computed to produce the energy spectrum of
sputtered neutral Ta atoms as if they were mea-
sured by the same SIMS instrument,
FsmearedðEÞ ¼
Z 1
1
UðeÞ  F ðE  eÞde: ð3ÞOverlapping and aligning the ‘‘smeared’’ theo-
retical spectrum FsmearedðEÞ with the measured en-
ergy spectrum of sputtered atomic ions in the
energy region to the left of the maximum (where
intensities are sharply decreasing to zero) allowed
us to determine the most probable energy of the
sputtered ions. The position of the maximum of
the ‘‘smeared’’ distribution FsmearedðEÞ was consid-
ered to be the same as that of the original (Sig-
mund–Thompson) distribution F ðEÞ (Fig. 1).
Using this energy calibration permitted a fair
comparison between kinetic energy spectra of
secondary ions measured under bombardment by
diﬀerent primary ions provided that the energy
resolution of the instrument did not change.3. Results and discussion
3.1. Kinetic energies
Experimental raw data from [5] were recali-
brated as described above. Then additional data
processing was performed to determine most
probable and mean kinetic energies of secondary
ions and to compare these values for the same
secondary ions sputtered by diﬀerent primary ions.
Results of these calculations are presented in Fig.
2. Before determining most probable energies, the
spectra were smoothed using the fast Fourier
transform (FFT) ﬁltering algorithm. No smooth-
ing was needed to calculate the mean energies as
E ¼
Z
E
dN
dE
dE
Z
dN
dE
dE

: ð4Þ
The error propagation from experimental data
into the calculated mean values was computed
assuming the errors to be deﬁned by the Poisson
statistics, typical for the pulse counting mode used
in these measurements.
Comparing sputtering from atomic and poly-
atomic ions, for the results shown in Fig. 2, one
can see that the most probable energies and the
mean energies of secondary ions reveal signiﬁcant
diﬀerences for Taþ atomic ions, slight diﬀerences
for Taþ2 diatomic ions and practically no diﬀer-
ences (within the experimental conﬁdence inter-
vals) for larger cluster ions. Compared to atomic
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Fig. 2. Most probable kinetic energies and mean kinetic ener-
gies of Taþn (n¼ 1–9) secondary ions sputtered by 6 keV/atom
Aum (m ¼ 1, 2, 3) primary ions determined from the calibrated
kinetic energy distributions dN=dE.
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decrease in kinetic energies of sputtered atoms and
dimers. It is commonly believed [7] that the most
probable energy of sputtered atomic ions is deﬁned
both by energy of sputtered neutral atoms and
their ionization probability, which also depends on
kinetic energy of the neutrals. The most probable
kinetic energy of neutral atoms correlates with the
surface binding energy of the material the ion was
sputtered from, as expressed in Eq. (2). Decreases
of the most probable energies we observe for
atomic ions sputtered by polyatomic projectiles
may indicate the decrease of the surface binding
energy, which is the factor that deﬁnes the sput-
tering process eﬃciency [10]. It is logical that
lowering the surface energy barrier would increase
the emission probability of recoils with lower
energies. In general, this should cause an increase
of the sputtering yields. On the other hand, the
trend we observe may suggest that the ionization
probability for slower sputtered neutrals increased,
or equivalently, that the neutralization probability
for slower ions decreased, which would increase
the yield of sputtered ions. This may indicate that
the eﬃciency of the ionization mechanisms for
atomic and diatomic sputtered species changes
under ion polyatomic bombardment. Unfortu-
nately, based on SIMS measurements only, itwould be prematurely to conclude which eﬀect is
dominating.
Another interesting trend seen in Fig. 2 is that
energies of larger cluster ions Taþ7 –Ta
þ
9 increase, in
comparison to the smaller clusters. This might
suggest either some diﬀerence in the process of
cluster formation or changes in ionization proba-
bility of these larger cluster ions compared to
smaller ones. What is important and clearly seen
from the mean energies of these cluster ions is that
changing the bombarding projectile from atomic
to polyatomic does not have a strong inﬂuence on
the mean energy.
3.2. Inverse velocities
In an attempt to gain insight into the ionization
process, we converted kinetic energy distributions
of sputtered ions dN=dE into distributions of
velocities dN=dv and distributions of inverse
velocities dN=dðv1Þ using the Jacobians corre-
sponding to these transformations:
dN
dv
¼ dN
dEðvÞ 
dEðvÞ
dv
¼ dN
dEðvÞ Mv; ð5aÞ
dN
dðv1Þ ¼
dN
dEðv1Þ 
dEðv1Þ
dðv1Þ
¼ dN
dEðv1Þ 
"
 Mðv1Þ3
#
; ð5bÞ
where M is the mass of the sputtered particle.
When considering inverse velocities, one should
remember that multiplying them by some distance
produces the time necessary to move over that
distance. The distributions in such times, dN=dt,
are proportional to the distributions in inverse
velocities, dN=dðv1Þ. If we choose a crystal lattice
parameter as a (characteristic) distance, then the
distributions dN=dt will show the time required for
sputtered atoms and clusters to move away from
the sample surface a distance of one lattice
parameter. Distances of this order are often con-
sidered in models of charged state formation in
sputtering [11] as the ones that limit the electron
exchange processes between a departing sputtered
particle and the surface. This is why knowing how
long it takes a sputtered species to reach this dis-
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on the surface can contribute to formation of
secondary ions observed in experiments. For Ta,
the lattice parameter is estimated as 0.33 nm.
Three sets of distributions, dN=dv, dN=dðv1Þ and
dN=dt, were calculated for atomic and cluster ions
sputtered from Ta by 6 keV/atom Au, Au2 and
Au3 primary ions. As in the case with kinetic en-
ergy distributions, in order to compare so many
diﬀerent curves, we calculated mean values of the
velocity, the inverse velocity, and the time needed
to travel one lattice parameter away from the
surface:
v ¼
Z
v
dN
dv
dv
Z
dN
dv
dv; ð6aÞ
v1 ¼
Z
v1
dN
dðv1Þ dðv
1Þ
Z
dN
dðv1Þ dðv
1Þ;
ð6bÞ
t ¼
Z
t
dN
dt
dt
Z
dN
dt
dt: ð6cÞ
Fig. 3 shows the dependencies of mean inverse
velocities, v1, and mean times, t, on the number of
atoms, n, in the detected sputtered ion.
The weak trend seen is that values of v1 and t
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Fig. 3. Mean inverse velocities and mean times needed to travel
the distance of one lattice parameter determined for Taþn (n¼ 1–
9) secondary ions sputtered by 6 keV/atom Aum (m ¼ 1, 2, 3)
primary ions.Aum (m ¼ 1, 2, 3) at n ¼ 4. In the region of atoms,
dimers and trimers these values increase while m
increases, i.e. secondary ions produced by molec-
ular bombardment are slower, on average. In the
region of larger clusters v1 and t show the oppo-
site behavior, i.e. secondary ions produced by
molecular bombardment are faster. The whole
picture may suggest that polyatomic ion bom-
bardment of tantalum does not cause any dramatic
changes in the ionization probability of sputtered
species larger than atoms and dimers as compared
to atomic ion bombardment.
The trend clearly seen in Fig. 3 is the diﬀerence
in behavior of atomic and diatomic ions, on one
hand, and Taþ7 –Ta
þ
9 , on the other hand. The times
these larger clusters need to depart from the
emission spot appear to be about the same, around
4 · 1013 s. Such long times may indicate that the
localization of electronic excitations around the
emission spot [12] do not contribute to ionization
mechanisms of these clusters. Such electronic
excitations have lifetimes about one order of
magnitude shorter than the time needed for large
clusters to depart from the near-surface region. As
a consequence, these electronic excitations may
have much stronger inﬂuence in the ionization of
atomic and diatomic ions than in that for larger
clusters. Considering this, one should keep in mind
that using the inverse velocity multiplied by the
lattice parameter as a parameter indicating how
long the sputtered species spend near the surface
and participates in electron exchange becomes ra-
ther questionable for larger clusters. This is be-
cause velocities determined from experiments
correspond to the center of mass of the sputtered
particle. When the size of the particle increases, the
position of its center of mass does not describe well
the distance at which the electron exchange pro-
cess ends. This distance may be better estimated
using the scaling law of cluster properties [13],
which expects them to scale linearly with the in-
verse cluster radius estimated as a reciprocal of the
product of a lattice parameter and a cubic root of
number of atoms in the cluster. Doing this with the
dependencies shown in Fig. 3 will shift the eﬀective
times needed for larger clusters to depart from the
surface into a picosecond range, where internal
vibrational excitation of the clusters may start
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ple, speaking in terms of the characteristic distance
that enables electron exchange with the surface,
one can imagine these vibrations alternating the
probability of this process just due to the change in
the physical dimension (size) of large clusters
slowly moving away from the surface. And this
does not yet take into account the possibility that
internal energies of large clusters may be suﬃcient
for their ionization in vacuum, without participa-
tion of the surface. This can occur, for example,
due to the thermo-electron emission from clusters
[14]. The above considerations demonstrate the
complexity of charge state formation of sputtered
atomic and cluster species.4. Conclusion
Developing a more accurate energy calibration
procedure and reprocessing the experimental raw
data for kinetic energy spectra of ions previously
reported [5] allowed us to determine and to com-
pare important characteristics of secondary ion
emission from a Ta sample sputtered by atomic
and molecular ions Aum (m ¼ 1, 2, 3). Similar
trends were observed in the secondary ion distri-
butions over velocities, inverse velocities, and
characteristic times needed for particles to travel
one lattice parameter away from the sample sur-
face. It can be summarized, as follows:
(1) Strong diﬀerences in most probable and mean
energies of atomic and diatomic ions sputtered
by diﬀerent projectiles may indicate both a de-
crease in surface binding energy under poly-
atomic ion bombardment and a change in
the energy dependence of the ionization prob-
ability of atomic and diatomic sputtered spe-
cies so that the probability increases for ions
with lower energies.
(2) No strong dependence on the size of the pro-
jectile is observed for sputtered cluster species.
(3) For larger cluster ions Taþn (n > 6), the time
needed to move away from the sputtered spotto a distance of one lattice parameter are sig-
niﬁcantly longer (an order of magnitude) than
those for atomic and diatomic ions. This indi-
cates signiﬁcant diﬀerences between mecha-
nisms of their ionization.Acknowledgements
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